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Abstract
Born cross sections for the processes e+e− → ωη and e+e− → ωπ0 have been determined for center-of-mass energies
between 2.00 and 3.08GeV with the BESIII detector at the BEPCII collider. The results obtained in this work are
consistent with previous measurements but with improved precision. Two resonant structures are observed. In the
e+e− → ωη cross sections, a resonance with a mass of (2179± 21± 3)MeV/c2 and a width of (89± 28± 5)MeV
is observed with a significance of 6.1σ. Its properties are consistent with the φ(2170). In the e+e− → ωπ0 cross
sections, a resonance denoted Y (2040) is observed with a significance of more than 10σ. Its mass and width are
determined to be (2034± 13 ± 9)MeV/c2 and (234± 30 ± 25)MeV, respectively, where the first uncertainties are
statistical and the second ones are systematic.
Keywords: BESIII, φ(2170), excited ω states, excited ρ states
1. Introduction
In low-energy e+e− collision experiments, the vec-
tor mesons ρ, ω, and φ and their low lying excited states
can be produced abundantly. The Particle Data Group
(PDG) [1] has tabulated experimental results for these
states. However, some of the higher lying excitations
are not fully identified yet. It is especially in the re-
gion around 2 GeV where further experimental insight
is needed to resolve the situation involving resonances
such as the ρ(2000), ρ(2150) and φ(2170) states.
Considerable efforts have been made theoretically
to understand the nature of the φ(2170) resonance, and
several interpretations have been proposed, such as an
ss¯g hybrid [2, 3], an ss¯meson [4–7], an ss¯ss¯ tetraquark
state [8–13], a ΛΛ¯ bound state [14–16], as well as
φKK¯ [17] and φf0(980) [18] resonances. These mod-
els differ in their predictions of the branching frac-
tions of the φ(2170) to decay channels such as φη or
K(∗)K¯(∗) as certain decay modes can either be sup-
pressed or favored depending on its nature [2, 4, 19–
21]. It is therefore of great importance to measure the
branching fractions for a variety of different decay chan-
nels in order to help in discriminating between different
models.
The φ(2170) state was first observed by the BaBar
experiment in the initial state radiation (ISR) pro-
cess e+e− → γISRφf0(980) [22] and later confirmed
by the BESII and BESIII experiments in J/ψ →
ηφf0(980) [23, 24] as well as by both the BaBar
and Belle experiments in the aforementioned ISR pro-
cess [25, 26]. The observed masses and widths of the
φ(2170) range from (2079 ± 13+79−28)MeV/c2 [26] to
(2200±6±5)MeV/c2 [24] and (58±16±20)MeV[22]
to (192± 23+25−61)MeV [25], respectively.
Several studies of the properties of the φ(2170) res-
onance have recently been made by the BESIII ex-
periment. A partial-wave analysis was performed for
the e+e− → K+K−π0π0 process [27], in which
indications for sizable partial widths of the φ(2170)
resonance to the K+(1460)K−, K+1 (1270)K
− and
K+1 (1400)K
− channels (here, charge-conjugation is
implied) were found. Attempts were also made to study
channels with simpler topologies, including e+e− →
K+K−, where a resonance with mass (2239.2± 7.1±
11.3)MeV/c2 and width (139.8 ± 12.3 ± 20.6)MeV
was found [28, 29], and e+e− → φη′ [30], where a res-
onance with mass (2177.5 ± 5.1 ± 18.6)MeV/c2
and width (149.0 ± 15.6 ± 8.9)MeV was found, In
e+e− → φK+K−, a sharp enhancement is observed in
the Born cross section at
√
s = 2.2324 GeV, which is
close to the mass of the φ(2170) resonance [31], how-
ever its width seems to be incompatible with that of the
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φ(2170).
A comparison of decay channels without hidden or
open strangeness such as e+e− → ωη to those observed
thus far can provide additional information about the
properties of the φ(2170) resonance. In addition, this
process can also be used to study excited ω resonances
appearing as ω∗ → ωη [32], which is expected to be one
of the dominant decay channels for excited ω mesons
and a benchmark process to study their properties.
In contrast to the e+e− → ωη process, the reac-
tion e+e− → ωπ0 allows the study of the isovector
vector mesons and their excited states. Generally, the
excited ρ states around 2 GeV/c2 are not well under-
stood. Although there are two results on the so-called
ρ(2000) [33, 34], its existence is not well-established.
Furthermore, several experiments have claimed the ob-
servation of the ρ(2150) state with mass and width ly-
ing in the range of 1.990 to 2.254GeV/c2 and 70 to
389MeV, respectively [35–39].
In an approach based on the quark-pair-creation
model, the ρ(2150) state is identified as a candidate
for the 43S1 state [40, 41]. The Born cross section of
e+e− → ωπ0 in the energy region below 2 GeV has
been measured by several experiments [42–49], while
the data above 2 GeV is rather scarce. Thus, more mea-
surements of e+e− → ωπ0 above 2 GeV are of high
interest to study the properties of excited ρ states.
In this letter, we present Born cross section measure-
ments of the processes e+e− → ωη and e+e− → ωπ0
with subsequent ω → π+π−π0, π0 → γγ and η → γγ
decays.
2. Detector and data sample
The BESIII detector is a magnetic spectrome-
ter [50] located at the Beijing Electron Position Collider
(BEPCII) [51]. The cylindrical core of the BESIII
detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorimeter
(EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged par-
ticles and photons is 93% over 4π solid angle. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for the electrons
from Bhabha scattering. The EMCmeasures photon en-
ergies with a resolution of 2.5% (5%) at 1 GeV in the
barrel (end cap) region. The time resolution of the TOF
barrel part is 68 ps, while that of the end cap part is
110 ps.
The data samples used in this letter have been col-
lected with the BESIII detector at 22 center-of-mass
(c.m.) energies from 2.000 to 3.080 GeV, correspond-
ing to a total integrated luminosity of 651 pb−1.
The GEANT4 based [52] simulation software
BOOST [53] is used to produce Monte Carlo (MC)
simulation samples. Events are generated using the
CONEXC generator [54] with ISR and vacuum polar-
ization (VP) taken into account. Inclusive hadron pro-
duction of the type e+e− → hadrons is simulated to es-
timate possible background processes and to optimize
event selection criteria. Exclusive MC samples are gen-
erated to determine the detection efficiencies of the sig-
nal processes. Since the beam energy spread of BEPCII
is less than 1 MeV at
√
s < 3 GeV, it is much smaller
than the experimental resolution of the BESIII detector
and can thus be ignored in the simulation.
3. Event selection and determination of the Born
cross section
3.1. Analysis of e+e− → ωη
For e+e− → ωη (with subsequent ω → π+π−π0,
π0 → γγ and η → γγ decays), candidate events
are required to have at least two reconstructed charged
tracks and at least four reconstructed photons. Each
charged track is required to be located within the MDC
acceptance, | cos θ| < 0.93, where θ is the polar an-
gle of the charged track, and to originate from a cylin-
der around the interaction point of 1 cm radius and ex-
tending ±10 cm along the detector axis. Information
from TOF and dE/dx measurements is combined to
form particle identification (PID) likelihoods for the π,
K , and p hypotheses. Each track is assigned a parti-
cle type corresponding to the hypothesis with the high-
est PID likelihood. Exactly two oppositely charged pi-
ons are required in each event. Photon candidates are
reconstructed using clusters of energy deposited in the
EMC crystals. The energy is required to be larger than
25MeV in the barrel region (| cos θ| < 0.80) and larger
than 50MeV in the end cap region (0.86 < | cos θ| <
0.92). The energy deposited in nearby TOF counters
is included to improve the reconstruction efficiency and
energy resolution. The difference of the EMC time from
the event start time is required to be within [0,700] ns to
suppress electronic noise and showers unrelated to the
event.
To improve the momentum and energy resolution
and to suppress background events, a four-constraint
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(4C) kinematic fit imposing four-momentum conser-
vation is performed under the hypothesis e+e− →
π+π−4γ. For the goodness of the kinematic fit, χ24C <
70 is required. For events with more than four photon
candidates, the combination with the smallest χ24C is re-
tained. In addition, a kinematic fit for the alternative hy-
pothesis e+e− → π+π−5γ is performed and only those
events that satisfy χ24C(π
+ π−4γ) < χ24C(π
+π−5γ)
are retained in order to suppress backgrounds from
e+e− → ωπ0π0 events. Two photon pairs correspond-
ing to the best π0η, π0π0 and ηη candidates are se-
lected separately by choosing the combination with the
smallest value of χ2αβ = (M(γ1γ2) − mα)2/σ212 +
(M(γ3γ4) −m2β)/σ234, where α and β represent either
π0 or η, and the mass resolution σ12(34) in the invariant
mass region of the π0 or η meson is obtained from MC
simulations. Only combinations with χ2pi0η < χ
2
pi0pi0
and χ2pi0η < χ
2
ηη are retained. The π
0 and η candi-
dates are selected by requiring |M(γ1γ2) − mpi0 | <
0.02GeV/c2 and |M(γ3γ4)−mη| < 0.03GeV/c2, cor-
responding to about 3σ intervals around the respective
nominal masses of π0 and η, mpi0 and mη [1]. Events
with |Eγ3 −Eγ4 |/pη > 0.9, where pη is the momentum
of the η meson in the laboratory system, are rejected to
suppress background events from the e+e− → ωγISR
and e+e− → ωπ0π0 processes.
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Fig. 1: (Color online) Invariant mass distributions for data taken at
√
s = 2.125 GeV. (a) Distribution of the pi+pi−pi0 invariant mass versus the
two-photon invariant mass. The area marked in red corresponds to the signal region. (b) Fit to theM(γγ) distribution, where the (black) dots with
error bars are data, the (blue) solid curve is the total fit result, the (green) dashed curve indicates background described by a second order Chebychev
polynomial, the (red) dotted curve is the η → γγ signal shape described by a Voigt function and the (green) histogram is the e+e− → ωpi0pi0
MC sample scaled to the integral of the background function in the fit. The vertical lines indicate the signal (red) and sideband regions (blue).
(c) and (d) represent the M(pi+pi−pi0) invariant mass distributions in the η signal and sideband region, respectively. The dots with error bars
are data, the solid curves are the total fit results, the dashed curves indicate the background described by a second order Chebychev polynomial
and the dotted curves are the ω signal shapes determined from MC simulations convolved with a Gaussian accounting for a potential difference in
resolution between data and MC simulation.
The distribution of the π+π−π0 invariant mass ver-
sus the two-photon invariant mass of the selected events
at
√
s = 2.125GeV is shown as an example in Fig. 1(a),
where an ω signal around the nominal ω meson mass is
visible. Potential background reactions to the e+e− →
ωη process are studied using both inclusive e+e− →
hadrons and exclusive MC samples. Simulated events
are subject to the same selection procedure as that ap-
plied to the experimental data. According to MC simu-
lations, the dominant background stems from e+e− →
π+π−π0η, which contains the same final state parti-
cles as the signal reaction. The e+e− → ωπ0π0 and
e+e− → ωγISR processes form a peaking background
contribution in the π+π−π0 invariant mass distribution.
The total peaking background from e+e− → ωγISR is
estimated by MC simulations normalized to the exper-
imental luminosity and is found to be negligible. The
peaking background from e+e− → ωπ0π0 is inferred
from the η sidebands, which are defined as 0.400 <
M(γ3γ4) < 0.508GeV/c
2 and 0.588 < M(γ3γ4) <
0.700GeV/c2 as shown in Fig. 1(b).
To determine the signal yield of the e+e− → ωη
process, a simultaneous unbinned maximum likelihood
fit is performed to theM(π+π−π0) spectra in both the η
signal and background regions at each energy, where the
shapes of signal and background are shared. The sig-
nal is modeled with the peak shape obtained from MC
simulation convolved with a Gaussian function allow-
ing for a potential resolution difference between data
andMC simulation. The background is described with a
second-order Chebychev polynomial. In the fit, peaking
background is automatically subtracted by construct-
ing the number of ω events in the η signal region as
Nobs = Nsig + fscale ·Nbkg, where Nsig is the number
of ωη signal events, Nbkg is the number of ω events in
the η sideband region, and fscale is a scale factor deter-
mined by the ratio of background events in the η signal
and sideband regions.
The Born cross section of the e+e− → ωη process
is calculated according to
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σ =
Nsig
L · ε · (1 + δ) · B , (1)
where L is the integrated luminosity of the individual
dataset, (1 + δ) is the radiative correction factor ac-
counting for both ISR and VP, and ǫ is the product
of geometrical acceptance and selection efficiency ob-
tained from MC simulation. The total branching frac-
tion B is the product of the branching fractions for the
decays contained in the full decay chain B = B(ω →
π+π−π0) · B(π0 → γγ) · B(η → γγ) = 34.7%. The
Born cross sections as well as upper limits at the 90%
confidence level are given for all 22 energy points to-
gether with all values used in the calculation in Table 1.
VP factors are also listed for the convenience of cal-
culating dressed cross sections. The results are consis-
tent with previous measurements [55–57] but with im-
proved precision. A comparison to the previous results
is shown in Fig. 2(a).
Various sources of systematic uncertainties concern-
ing the measurement of the Born cross sections are in-
vestigated, including integrated luminosity, branching
fractions, ISR and VP correction factors, event selection
criteria, the fit procedure of the signal, and the contribu-
tions from peaking background processes.
Table 1: The Born cross sections of the e+e− → ωη process. In addition, upper limits are given at 90% confidence level. All symbols defined are
the same as those in Eq. (1). In the column of Born cross section σ, the first uncertainty is statistical, and the second one is systematic. Sig. is the
significance of the observed signal. VP lists the vacuum polarization factor.
√
s (GeV) Nsig N
up
sig L (pb−1) ε · (1 + δ) σ (pb) σup (pb) Sig. (σ) VP
2.0000 19.3+5.9
−5.2 <27.3 10.1 0.158 34.7
+10.6
−9.3 ± 2.9 <49.3 4.5 1.037
2.0500 2.3+2.6
−1.9 <7.0 3.34 0.161 12.6
+13.7
−10.1 ± 1.0 <37.5 1.4 1.038
2.1000 1.9+3.8
−1.9 <8.2 12.2 0.162 2.8
+5.6
−2.8 ± 0.2 <11.9 0.5 1.039
2.1250 17.2+8.2
−7.5 <26.0 108 0.163 2.8
+1.3
−1.2 ± 0.3 <4.3 2.2 1.039
2.1500 2.3+2.3
−1.6 <6.0 2.84 0.151 15.6
+15.7
−11.0 ± 0.7 <40.3 1.1 1.040
2.1750 9.2+4.1
−3.4 <14.9 10.6 0.156 16.0
+7.1
−6.0 ± 1.0 <25.9 3.0 1.040
2.2000 16.5+5.5
−4.8 <25.0 13.7 0.153 22.7
+7.5
−6.5 ± 1.7 <34.3 4.3 1.040
2.2324 22.9+5.8
−5.1 <30.9 11.9 0.161 34.4
+8.7
−7.7 ± 2.2 <46.4 >5 1.041
2.3094 11.9+5.3
−4.6 <22.6 21.1 0.178 9.1
+4.1
−3.5 ± 0.7 <17.3 3.7 1.041
2.3864 8.2+3.9
−3.3 <14.5 22.5 0.173 6.1
+2.9
−2.4 ± 0.4 <10.7 2.6 1.041
2.3960 20.6+6.3
−5.6 <29.6 66.9 0.172 5.2
+1.6
−1.4 ± 0.4 <7.4 3.5 1.041
2.5000 2.6+2.4
−1.7 <6.3 1.10 0.175 39.3
+35.7
−25.0 ± 3.5 <94.2 1.6 1.041
2.6444 17.7+5.2
−4.5 <23.3 33.7 0.174 8.7
+2.6
−2.2 ± 0.5 <11.4 >5 1.039
2.6464 18.8+5.1
−4.4 <26.0 34.0 0.173 9.2
+2.5
−2.2 ± 0.6 <12.7 >5 1.039
2.7000 1.2+1.9
−1.0 <2.2 1.03 0.177 19.6
+29.3
−15.2 ± 0.9 <34.7 1.1 1.039
2.8000 1.2+1.9
−1.0 <2.2 1.01 0.177 20.0
+29.8
−15.5 ± 0.9 <35.4 1.1 1.037
2.9000 27.0+6.0
−5.3 <30.3 105 0.182 4.1
+0.9
−0.8 ± 0.3 <4.6 >5 1.033
2.9500 1.8+2.1
−1.8 <5.0 15.9 0.184 1.8
+2.1
−1.7 ± 0.1 <4.9 0.7 1.029
2.9810 0.7+1.8
−0.7 <4.4 16.1 0.187 0.7
+1.8
−0.7 ± 0.1 <4.2 0.2 1.025
3.0000 0.0+0.5
−0.0 <2.2 15.9 0.186 0.0
+0.5
−0.0 ± 0.0 <2.1 0.0 1.021
3.0200 0.3+1.4
−0.3 <2.2 17.3 0.184 0.3
+1.3
−0.3 ± 0.0 <2.0 0.3 1.014
3.0800 9.2+4.5
−3.8 <15.8 126 0.172 1.2
+0.6
−0.5 ± 0.1 <2.1 2.8 0.915
The integrated luminosity at each energy point is
measured using large angle Bhabha events with an un-
certainty of 1% following the method in Ref. [58]. The
uncertainties associated with the branching fractions of
intermediate states are taken from the PDG [1]. The
uncertainty of the ISR and VP correction factors is ob-
tained from the accuracy of radiation function, which
is about 0.5% [54], and has an additional contribution
from the cross section lineshape, which is estimated by
varying the model parameters of the fit to the cross sec-
tions. All parameters are randomly varied within their
uncertainties and the resulting parametrization of the
lineshape is used to recalculate (1 + δ), ǫ and the cor-
responding cross sections. This procedure is repeated
1000 times and the standard deviation of the result-
ing cross sections is taken as a systematic uncertainty.
Differences between the data and MC simulation for the
tracking efficiency and PID of charged pions are inves-
tigated using the high-purity control sample of e+e− →
K+K−π+π− [28]. The photon detection efficiency is
studied with a sample of e+e− → K+K−π+π−π0.
The result shows that the difference in detection effi-
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ciency between data and MC simulation is 1% per pho-
ton. The uncertainties associated with the kinematic
fit are studied with the track helix parameter correction
method, as described in Ref. [59].
Table 2: Summary of relative systematic uncertainties (in %) associated with the luminosity (L), the tracking efficiency (Track), the photon
detection efficiency (Photon), PID, Branching fraction (Br), χ2 requirement, 4C kinematic fit (4C), |Eγ3 −Eγ4 |/pη < 0.9 (Angle), background
shape (Bkg), signal shape (Sig), fit range (Range), η and pi0 mass windows (m(η) and m(pi0)), peaking background (Peak), the initial state radiation
and the vacuum polarization correction factor (1 + δ) in the measurement of the Born cross section of the e+e− → ωη process.
Energies L Track Photon PID Br χ2 4C Angle Bkg Sig Range m(η) m(pi0) Peak 1 + δ Total
2.0000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
2.0500 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.6 8.0
2.1000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 2.7 8.4
2.1250 1.0 2.0 4.0 2.0 0.9 0.5 0.5 1.1 1.9 2.5 2.2 0.4 3.0 9.5 1.1 12
2.1500 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 1.5 8.1
2.1750 1.0 2.0 4.0 2.0 0.9 0.5 0.7 1.1 0.5 2.5 0.5 0.4 3.0 3.3 1.2 7.5
2.2000 1.0 2.0 4.0 2.0 0.9 0.5 0.5 1.1 0.3 1.6 0.2 0.4 3.0 2.1 1.8 6.9
2.2324 1.0 2.0 4.0 2.0 0.9 0.5 0.7 1.1 0.2 0.8 0.7 0.4 3.0 0.0 1.5 6.4
2.3094 1.0 2.0 4.0 2.0 0.9 0.5 0.7 1.1 0.0 2.0 0.1 0.4 3.0 1.4 0.7 6.6
2.3864 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 1.0 1.6 1.2 0.4 3.0 1.6 0.5 6.7
2.3960 1.0 2.0 4.0 2.0 0.9 0.5 0.5 1.1 0.0 2.2 0.2 0.4 3.0 2.1 0.5 6.8
2.5000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
2.6444 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.2 1.4 0.6 0.4 3.0 0.3 0.5 6.3
2.6464 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 0.8 0.8 0.4 3.0 0.6 0.5 6.2
2.7000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
2.8000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
2.9000 1.0 2.0 4.0 2.0 0.9 0.5 0.5 1.1 0.2 0.4 0.8 0.4 3.0 0.6 0.5 6.2
2.9500 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
2.9810 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
3.0000 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
3.0200 1.0 2.0 4.0 2.0 0.9 0.5 0.6 1.1 0.1 2.5 0.2 0.4 3.0 4.5 0.5 8.0
3.0800 1.0 2.0 4.0 2.0 0.9 0.5 0.7 1.1 0.4 1.6 0.9 0.4 3.0 2.2 0.5 6.7
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Fig. 2: (Color online) Dressed cross sections for the processes (a) e+e− → ωη and (b) e+e− → ωpi0. In comparison to the data presented in
this work (red dots), in (a) the data from the CMD3 [56] (brown open circles), SND [55] (green open crosses) and BaBar [57] (blue open triangles)
experiments are shown. In (b), our data is compared to the results of the CMD2 [46, 47] (green open upward triangles and green open circles),
SND [42, 44] (green filled crosses and brown filled triangles), BaBar [49] (blue filled X crosses), DM2 [48] (magenta open stars) and ND [45]
(cyan filled downward triangles) experiments.
Due to the limited statistics in the data samples, a con-
trol sample of the J/ψ → ωη decay is used to estimate
the uncertainties arising from the selection conditions
χ24C(π
+ π−4γ) < χ24C(π
+ π−5γ), χ2pi0η < χ
2
pi0pi0 ,
χ2pi0η < χ
2
ηη , |M(γ1γ2) − mpi0 | < 0.02GeV/c2,
|M(γ3γ4)−mη| < 0.03GeV/c2 and |Eγ3−Eγ4 |/pη <
0.9. For this, the single-requirement efficiency is stud-
ied, removing one of the selection conditions at a time
and studying the change in the number of observed
events. In case a significant difference is found be-
tween the data control sample and a MC simulation of
the J/ψ → ωη decay, this difference is taken as the
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systematic uncertainty.
Due to large statistical fluctuations in the data, toy
MC samples are used to estimate the systematic uncer-
tainties stemming from the description of the signal and
background shape as well as from the fit range. A total
of 500 sets of toy MC samples are generated according
to the final fit result shown in Fig. 1(c) with the same
statistics as in data. For each toy MC sample, the fol-
lowing procedure is performed: the ω signal shape is
changed to a Breit-Wigner function convolved with a
Gaussian, the background shape is varied from a sec-
ond to a third order Chebychev polynomial and the fit
range is varied by ±10MeV/c2. The mean value of the
differences of the signal yield between the nominal and
the alternative fits is taken as the systematic uncertainty.
This procedure is repeated for the peaking background
reactions contained in the η sideband.
The total systematic uncertainty for the Born cross
section measurement is determined to be 12% for the
e+e− → ωη process at √s = 2.125 GeV. The uncer-
tainties at the other c.m. energies are determined ac-
cordingly and are summarized in Table 2.
3.2. Analysis of e+e− → ωπ0
The event selection criteria for the e+e− → ωπ0
process are mostly the same as described in Sec. 3.1.
The π0π0 candidate pairs are selected by minimiz-
ing χ2pi0pi0 = (M(γ1γ2) − mpi0)2/σ212 + (M(γ3γ4) −
mpi0)
2/σ234. These π
0 candidates are required to be
in a mass window of (mpi0 − 0.02GeV/c2,mpi0 +
0.02GeV/c2). Since there are two π0 candidates, the
π+π−π0 combination whose invariant mass is closest
to mω is retained as the ω candidate, where the π
0 is
denoted as π0ω to distinguish it from the bachelor pion
π0bach.
Using the above selection criteria, the distribution
of the invariant mass of π+π−π0ω versus the two-
photon invariant mass for π0bach candidates is depicted
in Fig. 3(a). The ω signal is clearly evident.
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Fig. 3: (Color online) Invariant mass distributions at
√
s = 2.125 GeV. (a) Distribution of the pi+pi−pi0ω invariant mass versus the two-photon
invariant mass corresponding to the pi0bach → γγ decay. The red box indicates the signal region. (b) Distribution of the two-photon invariant
mass M(γγ) corresponding to the pi0bach → γγ decay, where the (black) dots with error bars are data, the (red) solid histogram and the (red)
dashed histogram is the signal MC before and after pi0bach matching with the MC truth information. The red and blue vertical lines indicate
the signal and sideband regions, respectively. (c) and (d) represent the M(pi+pi−pi0ω) distribution corresponding to pi
0
bach signal and sideband
regions, respectively. The (black) dots with error bars are data, the (blue) solid curves are the total fit results, the (green) dashed curves indicate the
background contributions described by a second order Chebychev polynomial and the (red) dotted curves show the ω signal shapes described by
the MC lineshape convolved with a Gaussian function.
A method similar to that described in Sec. 3.1
is used to study possible background contributions.
According to the study, the dominant background stems
from the four body process e+e− → π+π−π0π0, which
has the same final state particles as the signal chan-
nel. In a similar way as in the e+e− → ωη case,
possible peaking background contributions are inferred
from the π0bach sideband regions defined as 0.055 <
|M(γ1γ2) − mpi0 | < 0.095GeV/c2 (as illustrated in
Fig. 3(b)). Note that due to mis-combination of pho-
tons, a large fraction of the π0 sideband is composed of
signal reactions. Still, while a peaking sideband con-
tribution is found, its fraction is negligible (and would
still have to be scaled down in a similar procedure as
described for the ωη process) compared to the signal re-
gion as shown in Figs. 3 (c) and (d).
The signal yield is determined using the
M(π+π−π0ω) mass spectra (as shown in Fig. 3(c)) with
a similar method as described in Sec. 3.1, with the dif-
ference being that peaking backgrounds are neglected,
so that the fit reduces to a one-dimensional unbinned
likelihood fit. The fit yieldsNsig = 22627±180 events.
The Born cross section of the e+e− → ωπ0 pro-
cess is calculated using Eq. (1), with the product of
the branching fractions determined by B = B(ω →
π+π−π0) · B2(π0 → γγ) = 87.1%. The values
used in the calculation of the Born cross section of the
e+e− → ωπ0 process are listed in Table 3, together
9
with the results at all c.m. energies. The results are
consistent with most of the previousmeasurements [42–
48] but with improved precision, however, there exists
a small difference with the BaBar measurement [49] at
center-of-mass energies around 2.1 GeV. A comparison
is shown in Fig. 2(b).
Concerning the systematic uncertainties, the contri-
bution stemming from the luminosity determination is
common for the e+e− → ωη and e+e− → ωπ0 reac-
tions. Furthermore, for the uncertainties relating to the
detection efficiencies, the radiative corrections, the fit-
ting procedure and the branching fractions taken from
the literature, the same method is applied as previously
stated in Sec. 3.1. In addition, the uncertainty aris-
ing from the π0 selection is obtained by varying the
mass window requirements for both π0ω and π
0
bach and
examining the changes in the resulting cross sections.
The total systematic uncertainty of the determination
of the Born cross section is determined to be 6.7% for
e+e− → ωπ0 at √s = 2.125 GeV. The uncertainties at
the other c.m. energies are determined accordingly and
are summarized in Table 4.
Table 3: The Born cross sections of the e+e− → ωpi0 process. The
symbols are the same as those in Eq. (1). In the column of the Born
cross section σ, the first uncertainty is statistical and the second one
is systematic.
√
s (GeV) Nsig L (pb−1) ε · (1 + δ) σ (pb)
2.0000 1677 ±50 10.1 0.202 946 ±28 ± 70
2.0500 652 ±31 3.34 0.205 1086 ±52 ± 73
2.1000 2614 ±62 12.2 0.209 1181 ±28 ± 80
2.1250 22627 ±180 108 0.211 1136 ± 9± 76
2.1500 539 ±28 2.84 0.213 1021 ±52 ± 55
2.1750 1840 ±51 10.6 0.217 914 ±26 ± 59
2.2000 2064 ±54 13.7 0.218 791 ±21 ± 54
2.2324 1508 ±46 11.9 0.222 659 ±20 ± 43
2.3094 1846 ±51 21.1 0.223 452 ±13 ± 30
2.3864 1601 ±48 22.5 0.222 366 ±11 ± 26
2.3960 4553 ±80 66.9 0.222 352 ± 6 ± 19
2.5000 53.8±8.2 1.10 0.228 247 ±38 ± 18
2.6444 1335 ±42 33.7 0.234 195 ± 6 ± 11
2.6464 1274 ±41 34.1 0.233 184 ± 6 ± 12
2.7000 34.9±6.5 1.03 0.238 163 ±30 ± 10
2.8000 21.2±6.3 1.01 0.239 101 ±30 ± 7.0
2.9000 2096 ±54 105 0.243 93.8± 2.4± 5.3
2.9500 302 ±20 15.9 0.244 89.0± 5.8± 5.2
2.9810 254 ±19 16.0 0.246 74.0± 5.5± 4.1
3.0000 256 ±18 15.9 0.244 76.1± 5.3± 4.1
3.0200 268 ±18 17.3 0.242 73.3± 5.0± 4.3
3.0800 1513 ±40 126 0.223 61.8± 1.7± 4.1
Table 4: Summary of relative systematic uncertainties (in %) associated with the luminosity (L), the tracking efficiency (Track), the photon
detection efficiency (Photon), PID, branching fraction (Br), 4C kinematic fit (4C), background shape (Bkg), signal shape (Sig), fit range (Range),
pi0 mass windows (m(pi0) and m(pi0ω)), the initial state radiation and the vacuum polarization correction factor (1 + δ) in the measurement of the
Born cross section of the e+e− → ωpi0 process.
Ecm L Track Photon PID Br 4C Bkg Sig Range m(pi0) m(pi0ω) (1 + δ) Total
2.0000 1.0 2.0 4.0 2.0 0.7 0.2 0.4 1.4 5.1 0.1 0.3 0.7 7.4
2.0500 1.0 2.0 4.0 2.0 0.7 0.3 0.4 0.3 4.4 0.4 0.4 0.6 6.8
2.1000 1.0 2.0 4.0 2.0 0.7 0.3 0.4 1.6 4.2 0.1 0.1 0.5 6.8
2.1250 1.0 2.0 4.0 2.0 0.7 0.3 0.2 1.1 4.2 0.1 0.1 0.5 6.7
2.1500 1.0 2.0 4.0 2.0 0.7 0.4 0.9 1.5 0.7 0.4 0.2 0.5 5.4
2.1750 1.0 2.0 4.0 2.0 0.7 0.4 0.0 0.4 4.1 0.0 0.2 0.5 6.6
2.2000 1.0 2.0 4.0 2.0 0.7 0.4 0.1 0.8 4.4 0.1 0.2 0.5 6.8
2.2324 1.0 2.0 4.0 2.0 0.7 0.4 0.1 0.8 3.9 0.2 0.3 0.5 6.5
2.3094 1.0 2.0 4.0 2.0 0.7 0.3 0.5 0.4 4.1 0.2 0.4 0.5 6.6
2.3864 1.0 2.0 4.0 2.0 0.7 0.3 1.4 0.9 4.7 0.3 0.4 0.5 7.1
2.3960 1.0 2.0 4.0 2.0 0.7 0.3 0.4 1.4 1.5 0.1 0.4 0.5 5.5
2.5000 1.0 2.0 4.0 2.0 0.7 0.4 0.4 2.4 4.2 1.3 1.0 0.5 7.2
2.6444 1.0 2.0 4.0 2.0 0.7 0.3 0.6 0.6 2.6 0.3 0.2 0.5 5.8
2.6464 1.0 2.0 4.0 2.0 0.7 0.1 0.9 1.4 3.4 0.5 0.3 0.5 6.4
2.7000 1.0 2.0 4.0 2.0 0.7 0.6 2.7 1.5 2.9 1.2 1.4 0.5 6.9
2.8000 1.0 2.0 4.0 2.0 0.7 0.1 0.2 1.6 2.1 0.7 0.9 0.5 5.8
2.9000 1.0 2.0 4.0 2.0 0.7 0.6 1.1 1.7 1.2 0.2 0.6 0.5 5.7
2.9500 1.0 2.0 4.0 2.0 0.7 0.2 0.5 1.2 2.3 0.7 0.2 0.5 5.8
2.9810 1.0 2.0 4.0 2.0 0.7 0.3 0.4 1.9 0.5 0.1 0.8 0.5 5.5
3.0000 1.0 2.0 4.0 2.0 0.7 0.4 0.3 0.5 1.4 0.7 0.6 0.5 5.4
3.0200 1.0 2.0 4.0 2.0 0.7 0.2 0.6 1.2 2.1 1.2 0.8 0.5 5.8
3.0800 1.0 2.0 4.0 2.0 0.7 0.5 0.8 1.7 3.5 1.1 0.8 0.5 6.6
4. Line shape analysis
4.1. Analysis of the e+e− → ωη process
To study possible resonant structures in e+e− →
ωη, a maximum likelihood fit of the type used in
Ref. [60] is performed to the dressed cross sections,
which are the products of Born cross sections and VP
factors. A possible resonant amplitude is parameterized
using a Breit-Wigner function with a mass-independent
width. The flat contribution in the c.m. energy re-
gion between 2 and 3 GeV dominantly stems from tails
of the ω(1420) and ω(1650) (or φ(1680)) resonances.
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Following Ref. [55], the dressed cross section is mod-
eled as
σ(s) =
12π
s
3
2
∣∣f1 − f2 + eiϕf3
∣∣2 Pf (s), (2)
where fR =
√
ΓeeR ·BωηR
Pf (mR)
m
3/2
R
√
ΓR
s−m2R+i
√
sΓR
(here R = 1, 2, 3
is an index for the resonance) describes the resonant
contributions from the ω(1420), ω(1650) (or φ(1680))
and Y (2180) (referring to the structure around
√
s =
2.2 GeV) and ΓeeR · BωηR is the product of the electronic
width of the resonance R and the branching fraction of
the R → ωη decay. Furthermore, mR and ΓR are the
mass and width of the resonance R, and ϕ is the rel-
ative phase angle of the f3 contribution relative to the
f1 − f2 contribution. The phase space factor Pf (s)
is given by Pf (s) = q
3, where q is the ω momentum
in the e+e− c.m. frame calculated for the mass value
m(ω) = 0.78265GeV/c2 given in Ref. [1]. The free fit
parameters are taken as Γee · Bωη1 , m2, Γ2, Γee · Bωη2 ,
m3, Γ3, Γ
ee·Bωη3 andϕ. Them1 andΓ1 values are fixed
to the values determined by the SNDCollaboration [55],
since the significance of the ω(1420) resonance is not
large enough at the given c.m. energies. In the fit, this
measurement and previous results from the SND [55]
and CMD3 [56] collaborations are included to be able
to describe the low-energy behavior of the cross sec-
tion. Uncertainties from previous experiments are con-
sidered uncorrelated, while the uncertainties derived in
this work are split into the uncorrelated and the corre-
lated contributions. The former contributions include
those stemming from the choice of signal and back-
ground shape as well as fit range and the treatment of
peaking backgrounds whereas the latter include the re-
maining systematic uncertainties. Figure 4 and Table 5
show the results from our fit. Two solutions are found
with the same fit quality of χ2/ndf = 78/67, where ndf
is the number of degrees of freedom. Solution I corre-
sponds to constructive interference between the f3 am-
plitude and the remaining f1 − f2 contribution, while
solution II corresponds to the case of destructive inter-
ference. The two solutions share all parameters other
than those given in Table 5.
Table 5: Resonance parameters of the Y (2180) as obtained in the fit
to the e+e− → ωη dressed cross section.
parameters solution I solution II
mY (2180)(MeV/c
2) 2179 ± 21
ΓY (2180)(MeV) 89± 28
Γee ·Bωη( eV) 0.50 ± 0.16 1.50± 0.44
ϕ 2.7± 0.3 1.9± 0.2
significance 6.1σ
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Fig. 4: (Color online) Fit to the dressed cross sections of e+e− →
ωη. (a) Solution I. (b) Solution II. (Red) filled circles represent the
data from this work, whereas (brown) open circles show the data from
CMD3 and the (green) open crosses the data from SND. The (black)
solid curves are the total fit results, the (red) long-dashed curves in-
dicate the Y (2180) resonance contribution, the (blue) short-dashed
curves represent the ω(1650) or φ(1680) contribution, the (green)
dotted curves display the ω(1420) contribution and (magenta) dotted-
dashed curves show the interference contribution. In the upper right
panel of both (a) and (b), a zoom into the region of the Y (2180) res-
onance is shown.
4.2. Analysis of the e+e− → ωπ0 process
A fit is performed to the dressed cross sections of
e+e− → ωπ0 using a similar method as described in
Sec. 4.1. Here, the fit model is parameterized as a co-
herent sum of four Breit-Wigner functions,
σ(s) =
12π
s
3
2
∣∣f1 + eiϕ1f2 + eiϕ2f3 + eiϕ3f4
∣∣2 Pf (s),
(3)
where fR (with R = 1, 2, 3, 4) are the Breit-
Wigner functions for the ρ(770), ρ(1450), ρ(1700) and
Y (2040) (referring to the structure around
√
s = 2.040
GeV) resonances, which take the the same form as de-
scribed in Eq. (2) except for the ρ(770). Since the mass
of the ρ(770) resonance is below the ωπ0 threshold, we
instead use fρ(770) =
A
s−m2
ρ(770)
+i
√
sΓρ(770)(s)
. The for-
mula for the energy-dependentwidth Γρ(770)(s) is given
in Ref. [42]. The free fit parameters are taken as A,
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Γρ(1450), Γρ(1700), mY (2040), ΓY (2040), Γ
ee
R · BωηR and
ϕR.
The masses of the ρ(1450) and ρ(1700) resonances
are fixed to the average values as given by the PDG [1].
In the fit, both this work and previous results from the
SND collaboration [43, 44] are included in order to pro-
vide the low-energy contributions that will only appear
as tails in the energy region under study. A possible ef-
fect of omitting other data available in the literature on
the results obtained in this work is studied and will be
discussed in Sec. 4.3. Correlated and uncorrelated un-
certainties of the present work are incorporated in the
same way as described in Sec. 4.1, while the uncertain-
ties of the previous experiments are considered uncorre-
lated.
The fit shown in Fig. 5 finds a resonance with a
mass of (2034±13)MeV/c2, width of (234±30)MeV
and Γee · Bωpi0 of (34 ± 11) eV with a fit quality of
χ2/ndf = 128/90. The significance of the Y (2040)
contribution is found to be larger than 10σ.
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Fig. 5: (Color online) Fit to the dressed cross sections of the e+e− →
ωpi0 process. (Red) filled circles correspond to the data obtained in
this work, while (brown) filled triangles and (green) filled crosses
are the data from SND. The (black) solid curve is the total fit re-
sult, the (red) dashed curve is the Y (2040) contribution, the (blue)
long-dashed curve is the contribution from the ρ(1700), the (light
blue) dotted-dotted-dashed curve stems from the ρ(1450), the (green)
dotted-dashed curve corresponds to the ρ(770) and the (magenta) dot-
ted curve is the interference contribution.
4.3. Systematic uncertainties
The systematic uncertainties of the resonant param-
eters in the fit to the Born cross sections of e+e− → ωη
include contributions from the determination of the c.m.
energy and the energy spread, fixed parameters in the fit,
and the data from other experiments that is included in
the fit. The uncertainty of the c.m. energy from BEPCII
is small and found to be negligible comparing to the
statistic uncertainty in the determination of the reso-
nance parameters. The effect resulting from fixing the
parameters of the ω(1420) resonance is studied by vary-
ing the mass and width within the uncertainties quoted
in the PDG [1] and yields an uncertainty of ∆m = 3
MeV/c2, ∆Γ = 5 MeV and ∆(Γee · Bωη) equal to
0.03 eV for solution I and 0.16 eV for solution II.
We distinguish between two different types of sys-
tematic uncertainties, those that are uncorrelated be-
tween the different center-of-mass energies and those
that are correlated. While the uncorrelated uncertain-
ties are included in the fit to the cross section, the cor-
related uncertainties that are common for all center-of-
mass energies (∼ 6%) only affect the Γee · Bωη mea-
surement and we find a resulting systematic uncertainty
of 0.03 eV for solution I and 0.09 eV for solution II.
Assuming all sources of systematic uncertainties are un-
correlated and thus adding them in quadrature, the total
systematic uncertainty is 3MeV/c2 for the mass, 5MeV
for the width, 0.04 eV (solution I) or 0.18 eV (solution
II) for Γee ·Bωη of the Y (2180).
For the systematic uncertainties of the resonant pa-
rameters of the Y (2040) in e+e− → ωπ0, the contribu-
tion introduced by taking the data points of other exper-
iments into account in the fit is significant. It is investi-
gated by including all available measurements [42–49]
and comparing with the nominal fit result above. Other
uncertainties are considered in the same way as stated
before for the Y (2180)→ ωη case. All sources of sys-
tematic uncertainties are added in quadrature, obtain-
ing the total systematic uncertainty of 9MeV/c2 for the
mass, 25MeV for the width and 16 eV for Γee · Bωpi0
of the observed Y (2040).
5. Summary and discussion
The Born cross sections of the e+e− → ωη and
e+e− → ωπ0 processes have been measured at √s
from 2.000 to 3.080GeV. They are consistent with pre-
vious measurements but with improved precision. Two
resonant structures are observed in the measured line
shapes. One resonant structure is observed with a sig-
nificance of 6.1σ in the cross section of the e+e− → ωη
process, with mass m = (2179 ± 21 ± 3)MeV/c2,
width Γ = (89 ± 28 ± 5)MeV, and Γee · Bωη =
(0.50±0.16±0.04) eV or (1.50±0.44±0.18) eV, de-
pending on the choice between two ambiguous fit solu-
tions. The observed structure agrees well with the prop-
erties of the φ(2170) resonance, which indicates the first
observation of the decay φ(2170)→ ωη.
Another structure is observed in the ωπ0 cross sec-
tion with a significance of more than 10σ and with
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a mass of m = (2034 ± 14 ± 9)MeV/c2, width
of Γ = (234 ± 30 ± 25)MeV and Γee · Bωpi0 of
(34 ± 11 ± 16) eV. This structure could either be the
ρ(2000) or the ρ(2150) state. However, the mass and
width of the observed resonance is closer to the ρ(2000)
resonance, which is suggested to be the 23D1 state [41].
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